Most flow models used in numerical simulation of voiced sound production rely, for the sake of simplicity, upon a certain number of assumptions. While most of these assumptions constitute reasonable first approximations, others appear more doubtful. In particular, it is implicitly assumed that the air flow through the glottal channel separates from the walls at a fixed point. Since this assumption appears quite unrealistic, and considering that the position of the separation point is an important parameter in phonation models, in this paper a revised fluid mechanical description of the air flow through the glottis is proposed, in which the separation point is allowed to move. This theoretical model, as well as the assumptions made, are validated using steady-and unsteady-flow measurements combined with flow visualizations. In order to evaluate the effective impact of the revised theory, we then present an application to a simple mechanical model of the vocal cords derived from the classical two-mass model. As expected, implementation of a moving separation point appears to be of great importance for the modeling of glottal signals. It is further shown that the numerical model coupled with a more realistic description of the vocal cord collision can lead to signals surprisingly close to those observed in real speech by inverse filtering.
. m'n These dimensions have been used in the schematic representation of the vocal cords in Fig. 1 .
In the following, we will refer to the x axis as the axis parallel to the vocal cords midline, directed from the subglottal region to the vocal tract, and to the y axis as the axis perpendicul[ar to the glottis. 
B. Currently uaed
where hout is the aperture of the glottis at the end of the channel wEtere flow separation is assumed to occur, Lg the length of the vocal cords, p the air density, and APTo t the pressure difference between the subglottal and the supraglottal region.
Severall corrections are usually added to this simple formula, such as (1) pressure losses due to a vena-contracta effect, (2) viscosity effects within the glottis, (3) inertance of air, and (4) pressure recovery after the glottal outlet.
The 
where/z is the dynamic viscosity coefficient, h--h(x,t) the aperture of the glottis at position x, and P= P(x) the pressure along the glottis. Further integration of Eq. 112) is depending o n boundary conditions and thus on the geometrical description of the vocal cords used. In the usual stepwise representation the glottal shape is approximated by a succession of straight channels. For each of these channels the pressure loss due to viscosity effects is then 12txdi
APviscøus--Lgh•-Ug, 
APøut-• Aj
As the area of the vocal tract Aot is much larger than the diameter of the jet Aj at the glottal outlet, .this pressure recovery is very small.
II. A THEORETICAL PREDICTION OF FLOW SEPARATION

A. Typical flow conditions during phonation and relevant approximations
At high Reynolds numbers, the main volume-control effect is flow separation combined with turbulent dissipation of kinetic energy in the resulting jet flow. In fact, Eq. (1) implicitly assumes the formation of a free jet at the end of the glottis. In this section we consider the possibility c.f the formation of a free jet in the diverging part of the glottis.
The problem considered, the prediction of flow separation in a diverging channel, is of course a very general one in fluid mechanics. In the most general case this constitutes a very difficult problem that can only be solved using numerical techniques that are far too complex to be implemented within a numerical model for speech simulation. To simplify the problem, we will use in the following assumptions based Of all the above assumptions, the quasisteady one is certainly the crudest but its use is justified by the simplicity of the model we are aiming at. One should also note that the viscosity effects (high Reynolds numbers approximation) can certainly no longer be neglected when the vocal cords close. The glottal aperture then becomes so narrow that viscous effects are predominant and a Poiseuille formulation similar to Eq. (2) should be considered.
B. Outline of the theory
The prediction of flow separation is of course a very general problem in fluid mechanics. However, under unsteady conditions there are very few analytical solutions and most of the time only numerical solutions are available. Because the computational time needed for these numerical resolutions is far too high for our purpose, we will restrict ourselves to a quasisteady solution for flow separation.
The Pohlhausen cubic method
The theoretical model proposed here is based on the boundary-layer approximation? '19 In other words, we consider the flow to be divided into two regions.
The first one, away from the walls, is a region where viscous effects can be neglected (main flow). In this region, the flow can be described using the usual Bernoulli equation: 
where K= 0.6641. b. Unsteady-flow measurements. The unsteady experimental conditions described in the preceding section also provide a good opportunity to evaluate the validity of the quasisteady theory under unsteady conditions. As previously stated, we expect, on account of the experimental conditions chosen, the unsteady effects to be in the same order of magnitude as those encountered during phonation. think that such models are really needed. First, because the inaccuracies of the pressure prediction appear limited (10% at the most) and second, because they will mainly affect the pressure force description over a short period of time (namely the opening and the closing part of the vocal cords) during which we expect the inertial forces and the restoring forces due to the elasticity of the vocal cords to be predominant. Finally one should note that the flow model has been tested under simple experimental conditions. Thus the validity of the theory under conditions closer to phonation (pulsatire flow, moving boundaries) is still to be tested. This constitutes future research.
III. APPLICATION TO THE TWO-MASS MODEL
In this section we will consider the application of the quasisteady model for flow separation derived in the preceding part to a numerical model of the vocal cords. Numerical consequences are difficult to evaluate a priori. For this reason, we will now present a detailed numerical study focusing in particular on the influence of each modification.
B. Simulation results
We will present a systematic comparison between the rectangular and the smooth model for the vocal cords. The mechanical constants we chose are presented in Table IV Finally, the subglottic pressure signal was described as a smoothly increasing signal whose maximum value of 980 Pa (10 cm H20) is reached after 10 ms. 
Flow-separation effects
We will now present results obtained with our model with allowance for a quasisteady separation of the flow. As appears in Fig. 15 , the consequences are qualitatively and quantitatively significant.
In Fig. 15 , the ratio between the jet diameter h s (glottal aperture at the flow-separation point) and the aperture at the outlet of the glottis h2 is also presented. An important consequence for the quality of the signals is that the resulting spectrum is much less rich in high harmonics which in the rectangular model yield the typical "computer accent."
Vocal cord contact and glottis closure
It is generally assumed that contact of the vocal cords implies a complete closure of the glottis. In fact, high-speed recordings of the human vocal cords during phonation as well as in vivo measurements 2ø reveal that the vocal cords gradually collide from the lateral sides to the middle part or that in some cases, during breathy voicing for instance, the glottis never closes completely. As a result, there is still a certain amount of air which is allowed to pass the glottis while the vocal folds are already in contact with each other. 
